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ABSTRACT 


Results  of  bounded  mixing  and  burning  experiments  in  relatively 
long  ducts  are  presented.  The  series  of  experiments  was  part  of  a 
theoretical  and  experimental  investigation  of  bounded  mixing  with  com¬ 
bustion  within  ducts  of  arbitrary  shape.  The  mixing  system  consisted 
of  a  fuel-rich,  H2-C>2  rocket  stream  and  a  surrounding  stream  of  room- 
temperature  air.  A  conical  mixing  duct  with  cylindrical  extensions  was 
used.  Twenty-six  rocket  firings  were  made  in  the  test  series.  The 
system  was  operated  in  the  "downstream  choking"  mode  (independent 
of  back  pressure)  for  19  firings  and  in  the  "back  pressure  dependent" 
mode  for  the  remainder  of  the  series.  Stagnation  pressure  ratio 
between  the  two  streams  was  varied  to  provide  a  range  of  data.  Data 
presented  include  axial  distributions  of  wall  static  pressure  and  radial 
profiles  of  gas  composition  and  pitot  pressure  at  the  mixing  duct  exit. 
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NOMENCLATURE 


A 

c* 

D 

FD 

Sc 

L* 


Area 

Characteristic  velocity  defined  by  Eq.  (1) 

Mixing  duct  diameter 

Mixing  duct  thrust  given  by  Eq.  (2) 

Rocket  vacuum  thrust  defined  by  Eq.  (3) 

Constant  of  proportionality  in  Newton's  second  law 

Characteristic  length  of  rocket  chamber 

Length  of  conical  mixing  duct 

Length  of  cylindrical  mixing  duct  extension 

Mach  number 

Rocket  oxidizer -fuel  mass  ratio 

Static  pressure 

Back  pressure 

Spray  chamber  pressure 

Stagnation  {or  total)  pressure 

Pitot  pressure 

Radius 

Rocket  exit  radius 

Stagnation  (or  total)  temperature 

Mass  flow 
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X 

a 

7 
A 

SUBSCRIPTS 

1  Mixing  duct  inlet 

2  Exit  of  conical  mixing  duct 

a  Outer  inviscid  stream  (secondary) 

av  Average  of  firings  with  nominally  the  same  conditions 

e  Exit  of  rocket  nozzle 

j  Center  inviscid  stream  (primary) 

t  Throat  of  nozzle 

w  Mixing  duct  wall 


Axial  distance  from  duct  inlet 
Nozzle  divergence  half- angle 
Ratio  of  specific  heats 

Nozzle  divergence  correction  factor,  defined  by  Eq.  (4) 
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SECTION  I 
INTRODUCTION 


The  phenomenon  of  ducted  turbulent  mixing  of  coaxial  streams  occurs 
in  many  engineering  applications  such  as  in  propulsion  systems  and  in 
jet  pumps.  Of  particular  interest  here  is  the  mixing  and  burning  of  a 
fuel-rich  rocket  exhaust  jet  with  a  surrounding  annulus  of  air.  This  type 
of  mixing  which  occurs  in  the  air-augmented  rocket  (Refs.  1  and  2)  is 
shown  schematically  in  Fig.  1  (Appendix  I).  The  overall  thrust  of  the 
vehicle  will  be  higher  than  the  basic  rocket  thrust  if  the  internal  pres¬ 
sure  forces  acting  on  the  mixing  duct  are  larger  than  the  combined  inlet 
and  external  drag.  Experimental  and  theoretical  research  on  ducted 
mixing  systems  typical  of  the  air-augmented  rocket  has  been  in  progress 
for  several  years  at  the  Rocket  Test  Facility  (RTF)  of  the  Arnold  Engi¬ 
neering  Development  Center  (Ref.  3). 

When  the  primary  (central)  stream  of  a  ducted  mixing  system  is 
supersonic  and  the  secondary  (outer)  stream  is  initially  subsonic,  three 
modes  of  operation  are  possible  (Fig.  2).  The  major  difference  in  these 
modes  is  the  mechanism  which  controls  the  secondary  stream  mass  flow 
(wa).  The  "upstream  choking"  mode  (Fig.  2a)  occurs  when  the  central 
jet  expands  outward,  causing  a  choke  point  in  the  secondary  flow.  Down¬ 
stream  of  the  choking  section,  the  secondary  flow  is  supersonic.  This 
mode  was  termed  "supersonic  regime"  by  Fabri  and  Paulon  (Ref.  4)  in 
their  work  on  supersonic  air-air  ejectors.  The  choking  section  occurs 
near  the  entrance  of  the  mixing  duct,  and  the  secondary  mass  flow  rate 
is  primarily  limited  by  the  inviscid  interaction  of  the  two  streams,  with 
viscous  effects  only  slightly  influencing  the  secondary  mass  flow  rate 
(Ref.  5).  The  experiments  on  ducted  rocket-air  mixing  reported  in 
Ref.  3  were  in  the  upstream  choking  mode. 

A  special  case  of  the  upstream  choking  mode  occurs  when  the  mini¬ 
mum  secondary  flow  area  is  at  the  initial  section.  This  case  was  termed 
"saturated  supersonic  regime"  by  Fabri,  and  the  overexpanded  central 
jet  deflects  inward  rather  than  pluming  outward.  Because  the  area  of 
the  choked  secondary  flow  is  fixed,  wa  is  directly  proportional  to  poa. 

The  second  mode  of  operation  of  a  ducted  mixing  system  is  shown 
in  Fig.  2b.  In  this  "back  pressure  dependent"  mode  the  secondary  flow 
is  subsonic  throughout  the  duct,  and  the  secondary  flow  rate  is  determined 
by  matching  the  duct  exit  pressure  with  the  relatively  high  back  pressure. 
This  mode  was  termed  the  "mixed  regime'1  by  Fabri. 
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The  third  mode  of  operation,  "downstream  choking,  "  is  shown  in 
Fig.  2c.  The  mixing  duct  flow  is  independent  of  back  pressure  and  is 
controlled  by  choking  at  or  near  the  duct  exit.  In  a  cylindrical  or  diver¬ 
gent  mixing  duct,  this  mode  will  probably  be  encountered  only  when  there 
is  considerable  heat  release  in  the  downstream  mixing  process.  The 
secondary  flow  is  subsonic  throughout  the  duct,  and  the  wall  pressures 
are  fairly  constant.  This  downstream  choking  mode  is  desirable  for  the 
air-augmented  rocket  because  the  internal  pressure  forces  are  quite 
high  compared  with  the  upstream  choking  mode. 

Perini,  et  al.  (Ref.  1)  showed  with  simplified  analysis  (complete 
mixing  at  duct  exit,  constant  wall  pressure)  that  optimum  thrust  per¬ 
formance  of  an  air-augmented  rocket  is  obtained  when  the  secondary 
stream  remains  subsonic.  It  is  doubtful  whether  the  assumption  of 
complete  mixing  at  the  duct  exit  can  be  realized  in  mixing  ducts  of  practi¬ 
cal  length.  If  the  ducted  mixing  system  is  operated  in  the  downstream 
choking  mode,  however,  the  wall  pressures  can  be  maintained  approxi¬ 
mately  constant  even  when  the  back  pressure  is  relatively  low.  It  would 
appear,  therefore,  that  an  actual  ducted  mixing  system  operated  in  the 
downstream  choking  mode  would  approach  the  idealized  optimum  air- 
augmented  rocket  of  Perini,  et  al. 

Experimental  results  are  presented  in  this  report  for  a  mixing  system 
in  which  the  primary  (central)  jet  is  the  exhaust  from  a  fuel -rich  hydrogen- 
oxygen  (I^-C^rocket  and  the  secondary  (outer)  flow  is  air.  Relatively 
long  mixing  ducts  were  tested;  therefore,  with  low  back  pressure  the  mix¬ 
ing  system  was  operated  in  the  downstream  choking  mode.  Some  results 
are  also  presented  for  the  mixing  system  in  the  back  pressure  dependent 
mode  of  operation.  The  data  presented  include  secondary-primary  mass 
flow  ratios,  mixing  duct  wall  pressure  distributions,  mixing  duct  thrust, 
and  radial  profiles  of  pitot  pressure  and  gas  composition  at  the  duct  exit 
plane. 

The  experimental  results  have  not  been  compared  with  theory  in  this 
report.  The  integral  mixing  theory  reported  in  Ref.  3  has  been  substan¬ 
tially  improved,  and  a  report  covering  the  correlation  of  the  theory  with 
these  and  other  experimental  results  is  in  preparation. 


SECTION  II 

EXPERIMENTAL  PROGRAM 


The  RTF  Propulsion  Research  Cell  (R-1B)  (Fig.  3)  was  designed  to 
investigate  the  bounded  mixing  and  burning  process.  A  small  scale  rocket 
was  used  for  the  primary  stream,  and  atmospheric  air  supplied  the  second¬ 
ary  stream.  Flow  rate  of  the  primary  stream  was  held  nearly  constant  for 
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all  experiments,  and  the  secondary  flow  rate  was  varied  by  throttling 
the  atmospheric  inflow.  The  cell  was  connected  to  the  RTF  Plant 
Exhauster  System,  which  controlled  back  pressure  on  the  mixing  duct 
while  inbleeding  sufficient  air  to  safely  dilute  the  combustible  gases. 
Principal  dimensions  and  operating  parameters  for  the  cell  and  rocket 
engine  are  given  in  Table  I  (Appendix  II).  • 

In  addition  to  the  measurements  of  rocket  and  airstream  parameters, 
the  following  information  was  obtained: 

1.  Mixing  duct  static  pressure  distribution, 

2.  Pitot  pressure  distribution  across  the  mixing  duct 
exit  plane,  and 

3.  Gas  composition  distributions  across  the  mixing  duct 
exit  plane. 


2.1  ROCKET  ENGINE 

A  water-cooled,  gaseous  H2-O2  rocket  engine  was  used  to  generate 
the  primary  stream  of  hot,  fuel-rich  (2.  5  times  stoichiometric  fuel) 
exhaust  gases,  A  cross  section  of  the  rocket  is  presented  in  Fig.  4. 

A  copper  injector  head  and  liner  were  used;  the  outer  shell  and  water 
baffle  were  of  stainless  steel.  The  water  baffle  with  integral  spacers 
was  fastened  around  the  liner,  and  the  assembly  was  inserted  into  the 
outer  shell.  Silicone  rubber  O-rings  were  used  to  seal  the  internal 
joints.  The  design  of  the  O-ring  joint  at  the  nozzle  exit  allowed  relative 
growth  between  liner  and  shell.  The  flow  pattern  from  the  fuel  and 
oxidizer  injector  ports  converged  to  a  point.  Hydrogen  was  injected 
from  the  inner  ring  of  ports  to  prevent  destructive  oxidation  of  the  spark 
plug  tip.  The  characteristic  length,  L*  (chamber  volume/ throat  area), 
of  the  rocket  engine  was  approximately  3-5  in.  The  theoretical  chamber 
temperature  was  approximately  5300°R. 

The  H2-O2  propellant  combination  was  chosen  because  of  the  rela¬ 
tively  simple  exhaust  gas  composition  which  lends  itself  readily  to  gas 
analysis.  Gaseous  propellants  were  chosen  to  achieve  a  high  combustion 
efficiency;  liquid-propellant  rocket  engines  of  this  scale  normally  oper¬ 
ate  at  much  lower  combustion  efficiency  than  a  comparable  large  booster 
engine.  A  rocket  engine  having  high  combustion  efficiency  is  necessary 
for  accurate  experimental  evaluation  of  rocket  thrust  augmentation  con¬ 
figurations  in  which  afterburning  of  .the  rocket  exhaust  occurs.  If  the 
rocket  is  inefficient,  an  unrealistically  large  amount  of  unburned  fuel  is 
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available  for  afterburning.  This  excessive  afterburning  can  lead  to 
erroneous  conclusions  about  the  performance  of  the  augmented  rocket 
as  compared  with  that  of  the  basic  rocket. 

The  characteristic  velocity  (c*)  is  commonly  used  as  a  measure  of 
combustion  efficiency.  The  following  relationship  defines  c*: 

c*  =  Poi  Atgc  (1) 
Wj 

For  the  26  firings  discussed  in  this  report,  the  experimentally  deter¬ 
mined  value  of  c*  averaged  96.  5  percent  of  theoretical. 

A  water-cooled  spark  plug  was  used  to  initiate  combustion.  A 
cross  section  of  the  device  is  shown  in  Fig.  5.  This  design  provided 
rapid  starts  and  proved  to  be  extremely  long  lived. 


2.2  MIXING  DUCT 

The  experiments  reported  in  Ref.  3  were  made  with  a  conical  mixing 
duct  (configuration  A).  The  experiments  reported  herein  were  made  with 
the  same  conical  mixing  duct,  but  the  duct  length  was  increased  by  instal¬ 
lation  of  a  cylindrical  extension.  Mixing  duct  configuration  B  (Table  I) 
consisted  of  the  conical  duct  with  a  6-in.  -long  extension  (L2,  Fig.  3). 

The  cylindrical  extension  was  9  in.  long  for  configuration  C. 

2.3  INSTRUMENTATION 


2.3.1  Wall  Static  Pressure 


Wall  static  pressures  throughout  the  apparatus  were  measured  with 
mercury  manometers,  referenced  to  atmosphere,  and  recorded  photo¬ 
graphically.  Mixing  duct  static  pressures  were  measured  with  two  rows 
of  taps  90  deg  apart;  the  axial  tap  spacing  was  2  in. 

A  vacuum  check  was  made  before  and  after  each  test  to  detect  any 
leaks  in  the  manometer  system.  The  scales  on  the  manometers  were 
subdivided  into  0.  1-in.  increments,  and  the  resulting  pressures  were 
read  with  an  estimated  precision  of  ±0.05  psi. 

2.3.2  Airflow  Rate 


The  secondary  airflow  was  measured  with  a  choked  venturi  (Fig.  3), 
having  a  circular  arc  inlet  contour  and  a  conical  diffuser  section.  For 
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the  range  of  throat  Reynolds  number  encountered,  the  nozzle  flow  coef¬ 
ficient  was  greater  than  0.  99  (Ref.  6);  therefore,  the  coefficient  was 
assumed  to  be  unity.  The  stagnation  pressure  of  the  venturi  flow  was 
measured  with  a  mercury  manometer,  and  the  stagnation  temperature 
was  measured  with  an  immersion -type  thermocouple. 


2.3.3  Rocket  Flow  Rate 


The  rocket  flow  rate  was  calculated  by  summing  the  propellant 
flow  rates.  The  gaseous -propellant  flows  were  measured  with  choked 
venturis  having  circular  arc  inlets  and  conical  diffuser  sections.  Pro¬ 
pellant  temperatures  were  measured  with  immersion-type  thermo¬ 
couples,  which  were  located  just  downstream  from  the  diffuser  sections 
to  avoid  disturbing  the  venturi  inlet  flows.  At  this  location)  the  flows 
were  again  subsonic,  and  thus  accurate  temperature  indications  were 
ensured.  The  nozzle  flow  coefficients  were  again,  for  the  range  of 
Reynolds  number  encountered,  greater  than  0.  99  (Ref.  6). 


2.3.4  Rocket  System  Pressures 


Rocket  chamber  pressure  and  the  propellant  metering  nozzle  inlet 
pressures  were  measured  with  strain-gage-type  transducers  and  recorded 
on  direct- inking,  null-balance  potentiometers.  The  systems  were  period¬ 
ically  calibrated  against  a  known  pressure  to  check  for  nonlinearity  and 
for  absolute  level.  The  calibrations  were  checked  prior  to  each  test 
period  by  applying  a  fixed  resistance  to  the  system  to  obtain  a  full-scale 
deflection.  During  shakedown  of  the  apparatus,  the  propellant  pressures 
downstream  from  the  metering  nozzles  were  measured  with  similar  in¬ 
strumentation.  These  pressure  measurements  were  discontinued  after 
it  was  found  that  the  pressure  drops  across  the  venturis  were  sufficient 
to  ensure  choked  flow  at  the  nozzle  throats. 

2.3.5  Temperatures 

Airstream  total  temperature  was  measured  with  an  immersion-type 
thermocouple  and  recorded  on  a  multipoint,  null-balance  potentiometer. 

The  propellant  temperatures  were  measured  with  immersion -type 
thermocouples  and  recorded  on  a  light -beam  oscillograph.  f  The  thermo¬ 
couple  system  was  calibrated  by  applying  known  voltage  from  a  standard 
cell  and  recording  the  galvanometer  deflection.  The  thermocouples 
were  referenced  to  control  room  temperature,  which  was  measured  with 
a  mercury  bulb  thermometer. 
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2.3.6  Survey  Rake 


The  mixing  duct  exit  plane  surveys  were  made  with  a  water-cooled, 
13 -probe  rake  rake  having  seven  pitot  pressure  probes  and  six  gas 
sampling  probes  (Fig.  6).  The  rake  was  installed  with  the  probe  tips 
about  0.  25  in.  downstream  from  the  mixing  duct  exit.  A  complete 
survey  of  the  exit  plane  flow  was  accomplished  by  installing  the  rake 
during  different  tests  at  various  positions  relative  to  the  duct  center - 
line.  Details  of  the  probe  tip  construction  are  shown  in  Fig.  6b. 

The  gas  sampling  probes  were  similar  to  those  used  by  Rhodes, 
et  al.  (Ref.  7)  in  their  investigation  of  shock-induced  combustion  of 
H2- air  mixtures.  A  sapphire  watch  bearing  (fused  aluminum -oxide) 
was  imbedded  in  the  probe  tip  to  provide  an  orifice  capable  of  withstand¬ 
ing  the  high  stream  temperatures.  The  probe  was  designed  so  that  the 
expansion  of  the  sample  flow  inside  the  probe  and  the  cooling  effect  of 
the  inner  probe  walls  would  cause  quenching  of  the  major  chemical 
reactions.  The  gas  samples  were  taken  in  evacuated  bottles  and  were 
later  analyzed  for  nitrogen  (N2),  02,  and  Hg  with  a  mass  spectrograph, 
which  had  been  calibrated  with  known  samples. 

The  rake  pitot  pressures  were  measured  with  mercury  manometers 
referenced  to  atmosphere.  Near  the  duct  centerline,  however,  the 
pressures  were  too  high  to  be  measured  with  the  available  100 -in. 
manometers,  and  dial-type  bourdon-tube  gages  were  used.  These  gages 
were  graduated  in  0.  2-psi  increments  and  could  be  read  with  an  esti¬ 
mated  precision  of  ±0. 1  psi. 


2.4  EXPERIMENTAL  PROCEDURE 

With  the  exhaust  pressure  at  the  desired  value,  the  desired  secondary 
flow  was  set  by  adjusting  the  throttle  valve  upstream  from  the  metering 
venturi.  The  rocket  was  then  fired  for  a  nominal  duration  of  30  sec. 

The  system  was  allowed  to  stabilize  for  20  sec  before  samples  were  col¬ 
lected  and  pressures  were  recorded. 


SECTION  III 

RESULTS  AND  DISCUSSION 


This  presentation  of  data  is  divided  into  three  sections.  The  first 
deals  with  data  obtained  from  the  downstream  choking  mode,  and  the 
second  covers  a  number  of  tests  performed  in  the  back  pressure  depend¬ 
ent  mode.  The  third  compares  the  performance  of  ducted  mixing  systems 
operating  in  the  upstream  choking  and  downstream  choking  modes. 
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3.1  DOWNSTREAM  CHOKING  EXPERIMENTS 


Six  test  conditions  were  run  with  the  system  operated  in  the  down¬ 
stream  choking  mode,  and  the  resulting  data  are  presented  in  Table  II 
and  Figs.  7  through  11.  Nine  firings  were  made  in  test  condition  2  and 
six  firings  in  test  condition  3.  Single  firings  were  made  in  test  condi¬ 
tions  1,  4,  5,  and  6.  The  gas  sampling -pitot  pressure  rake  was  shifted 
radially  before  each  firing  of  conditions  2  and  3  to  provide  complete 
profiles  across  the  duct  exit.  Most  of  the  flow  parameters  tabulated 
in  Table  II  have  been  discussed  in  Sections  2. 1  and  2.  3.  Items  that 
required  elaboration  in  this  section  are  mixing  duct  thrust  (F^)  and 
rocket  vacuum  thrust  (Fj).  Mixing  duct  thrust  was  determined  from 
the  expression. 


Aa 

pw  d  Ad 


(2) 


The  integral  was  evaluated  graphically  from  plots  of  experimental  pres¬ 
sure  distribution  as  a  function  of  duct  area.  The  rocket  vacuum  thrust  is 
defined  as 


Fj  =  pe  Ae  X  (1  -  yMl) 


(3) 


where  A.  is  the  nozzle  divergence  correction  factor  given  by 

A  =  ~  (1  +  cos  a)  (4) 

Fj  represents  the  thrust  of  the  engine  in  a  vacuum  and  is  a  convenient 
reference. 


3.1.1  Secondary- Primary  Mass  Flow  Ratio 


The  mass  flow  ratio  (wa/wj)  is  plotted  in  Fig.  7  as  a  function  of  the 
stagnation  pressure  ratio  (pGa/pDj).  All  these  data  were  obtained  with 
mixing  duct  configuration  B  (6 -in.  -extension).  The  individual  firings  of 
test  conditions  2  and  3  are  plotted  rather  than  the  test  condition  averages. 

3.1.2  Mixing  Duct  Thrust 


The  mixing  duct  thrust  ratio  (Fp/Fj)  is  plotted  in  Fig.  8  as  a  function 
of  p0a/poj.  As  in  Fig.  7,  the  thrust  ratios  were  obtained  with  mixing 
duct  configuration  B.  Again,  the  individual  firings  of  test  conditions  2 
and  3  are  plotted. 


3.1.3  Wall  Pressure  Distributions 


Axial  distributions  of  the  duct  wall  static  pressure  are  shown  in 
Fig.  9.  The  pressure  distribution  shown  in  Fig.  9a  was  obtained  with 
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mixing  duct  C  (9-in.  extension);  the  remaining  pressure  distributions 
were  obtained  with  mixing  duct  B.  In  all  tests,  the  back  pressure  was 
much  lower  than  the  last  static  pressure  measured  in  the  duct,  indicat¬ 
ing  that  the  flow  was  choked  at  the  duct  exit  plane  (independent  of  back 
pressure). 

The  values  shown  in  Fig.  9  for  the  initial  static  pressure  ratio 
(p.  / p  )  are  not  measured  points  because  no  static  pressure  tap  was 
located  exactly  at  the  rocket  exit  plane  (Station  1).  The  initial  static 
pressure  was  obtained  by  constructing  a  smooth  curve  through  the  static 
pressures  measured  along  the  mixing  duct  entrance  (Fig.  3)  and  along 
the  conical  mixing  duct.  The  value  of  this  curve  at  x  =  0  was  taken  to 
be  pr 

The  flow  parameters  (p0a/p0j>  wa^wjJ  and  a1*6  tabulated  in 

Fig.  9  to  facilitate  comparisons.  Individual  firings  on  test  conditions 
2  and  3  are  plotted  in  Figs.  9b  and  c  to  illustrate  the  small  scatter  of 
the  data  for  the  same  nominal  conditions  and  also  to  show  the  validity 
of  obtaining  exit  plane  profiles  by  means  of  composite  plots  of  the  vari¬ 
ous  firings  at  the  same  nominal  conditions. 

The  wall  pressure  distributions  shown  in  Figs.  9b  through  f  (for 
mixing  duct  B)  all  have  similar  shapes.  The  wall  pressure  initially 
decreased  because  of  the  pluming  of  the  rocket  stream,  reaching  a 
minimum  at  x/D-^  *  0.  5.  The  wall  pressure  then  increased  to  about 
p-^  at  x/D-^  =  1  to  1.  5.  The  pressure  then  remained  approximately 
constant  through  the  remainder  of  the  conical  portion  of  the  duct. 
Downstream  of  the  transition  point  between  the  conical  and  cylindrical 
sections  (x/Dj  =  2.  58),  the  wall  pressure  dropped  gradually  to 
poa/p0j  ='°*  to  0.  60  at  the  last  measuring  station  in  the  duct. 

3.1.4  Pitot  Pressure  Profiles 


The  radial  distributions  of  the  pitot  pressure  at  the  duct  exit  are 
shown  in  Figs.  10a  and  b  for  test  conditions  2  and  3.  Significant  scatter 
of  the  data  is  observed  near  the  flow  centerline  where  the  flow  is  super¬ 
sonic.  Such  scatter  is  inevitable  because  all  of  the  experimental  param¬ 
eters  could  not  be  exactly  duplicated  from  test  to  test.  The  flagged  and 
unflagged  symbols  in  Figs.  10a  and  b  represent  measurements  taken  on 
opposite  sides  of  the  flow  centerline.  The  flow  centerline  was  displaced 
approximately  0.  1  in.  from  the  duct  centerline  and  was  determined  by 
making  a  best  fit  of  the  flagged  and  unflagged  symbols. 

Radial  distributions  of  the  pitot  pressure  at  the  duct  exit  are  shown 
in  Figs.  10c  through  e  for  test  conditions  4  to  6,  each  of  which  con¬ 
sisted  of  a  single  rocket  firing. 
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3.1.5  Gas  Composition  Profiles 

Radial  distributions  of  the  gas  composition  at  the  duct  exit  are  shown 
in  Fig.  11  for  test  condition  2.  Gas  sample  data  were  not  obtained  for 
the  other  points  in  the  downstream  choking  mode.  The  solid  lines  shown 
in  Fig.  11  were  faired  through  the  data  to  illustrate  the  trends.  As  was 
the  case  with  the  pitot -pres sure  profiles,  the  flagged  and  unflagged  symbols 
represent  data  taken  on  opposite  sides  of  the  flow  centerline. 


3.2  BACK  PRESSURE  DEPENDENT  EXPERIMENTS 

* 

Data  from  a  series  of  experiments  in  the  back  pressure  dependent 
mode  of  operation  are  presented  in  Table  III  and  Figs.  12  through  14. 
All  these  experiments  were  made  with  mixing  duct  B  (6-in.  extension). 

The  parameters  presented  in  Table  III  are  identical  with  those  pre¬ 
sented  in  Table  I,  with  the  addition  of  the  back  pressure  ratio  and  the 
diffuser  (or  spray  section)  pressure  ratio.  The  back  pressure  was 
measured  in  the  12 -in.  -diam  instrumentation  section  (Fig.  3),  and  the 
diffuser  pressure  was  measured  in  the  24 -in.  -diam  spray  section. 


3.2.1  Wall  Pressure  Distributions 


Axial  distributions  of  the  duct  wall  static  pressure  are  shown  in 
Figs.  12a  through  g.  Each  figure  presents  data  for  a  single  rocket 
firing.  The  lower  limit  of  Pk/poa  corresponds  to  the  pressure  meas¬ 
ured  in  the  12 -in.  -diam  instrumentation  section,  and  the  upper  limit 
corresponds  to  the  pressure  measured  in  the  spray  section.  The  range 
of  the  two  measurements  is  presented  because  there  seems  to  be  some 
consistent,  but  unexplainable,  error  in  the  measurement  in  the  instru¬ 
mentation  section  (that  pressure  being  0.  2  to  0.  6  psi  lower  than  the 
spray  section  pressure).  If  the  pressure  measured  in  the  instrumenta¬ 
tion  section  were  correct,  then  a  very  large  favorable  pressure  gradient 
would  occur  just  upstream  of  the  mixing  duct  exit  (Fig.  12f,  for  example). 
It  is  not  conceivable  how  such  large  axial  pressure  gradients  could  occur 
in  an  unchoked  flow.  The  pressure  measured  in  the  spray  section,  on 
the  other  hand,  agrees  well  in  all  cases  with  the  pressure"  obtained  by 
extrapolating  the  mixing  duct  wall  pressure  distribution  to  the  duct  exit. 

The  results  shown  in  Figs.  12a  and  e  represent  experiments  which 
were  only  slightly  influenced  by  back  pressure,  compared  with  the  experi¬ 
ments  in  the  downstream  choking  mode.  This  small  influence  of  can 
be  illustrated  by  comparing  Figs.  12a  and  9b  and  comparing  Figs.  12e 
and  9c.  For  the  other  test  conditions  presented  in  Fig.  12,  the  duct  flow 
was  strongly  dependent  on  the  back  pressure. 
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3.2.2  Pitot  Pressure  Profiles 

Radial  distributions  of  pitot  pressure  at  the  duct  exit  are  shown  in 
Fig.  13  for  test  conditions  8,  9,  10,  12,  and  13.  The  pitot  pressures 
near  the  duct  centerline  were  not  recorded  for  test  condition  10 
(Fig.  13c). 

3.2.3  Gas  Composition  Profiles 

Radial  distributions  of  gas  composition  at  the  duct  exit  are  shown 
in  Fig.  14  for  test  conditions  8,  9,  and  10.  The  solid  lines  again  are 
merely  faired  curves  and  should  be  considered  only  as  an  approximate 
guide  to  the  trends. 


3.3  COMPARISON  OF  UPSTREAM  CHOKING  AND  DOWNSTREAM  CHOKING  MODES 


It  was  pointed  out  in  Section  I  that  the  downstream  choking  mode 
would  appear  to  be  the  most  attractive  operational  mode  for  the  mixing 
duct  of  an  air -augmented  rocket.  The  desirability  of  the  downstream 
choking  mode  can  be  illustrated  by  comparing  the  performance  of  the 
basic  conical  mixing  duct  (Ref.  3)  with  the  performance  of  the  same 
conical  duct  with  a  6 -in.  -long  cylindrical  extension  (duct  configuration  B 
of  this  investigation).  The  rocket  engine  used  in  the- experiments  reported 
in  Ref.  3  was  slightly  different  from  the  engine  used  in  the  experiments 
on  duct  configuration  B.  The  differences,  however,  were  small  and  do 
not  invalidate  a  direct  comparison  of  the  experimental  results  for  mass 
flow  ratio  and  duct  thrust. 

The  mass  flow  ratio  (wa/wj)  is  shown  in  Fig.  15a  for  the  two  duct 
configurations.  For  a  given  value  of  the  stagnation  pressure  ratio 
(p0a/p0j)*  the  mass  flow  ratio  is  typically  10  percent  less  for  duct 
configuration  B  (downstream  choking  mode)  than  for  the  basic  conical 
mixing  duct  of  Ref.  3  (upstream  choking  mode). 

The  mixing  duct  thrust  ratio  (Fq/Fj)  is  shown  in  Fig.  15b  for  the 
two  duct  configurations.  The  duct  thrust  ratio  is  typically  50  to  60  per¬ 
cent  higher  for  duct  configuration  B  than  for  the  basic  conical  duct. 

The  mixing  duct  thrust  (Fq)  is  indicative  of  the  gross  thrust  of  the 
mixing  duct  of  an  air -augmented  rocket.  The  net  thrust  of  the  duct  is 
Fj}  minus  the  inlet  and  external  drag.  One  would  expect  the  inlet  and 
external  drag  to  be  approximately  the  same  for  the  two  configurations. 
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and  the  net  thrust  comparison  would  be'  even  more  favorable  to  operation 
in  the  downstream  choking  mode.  It  should  be  noted  that  the  very  impor¬ 
tant  aspect  of  mixing  duct  weight  is  not  considered  in  this  comparison. 


SECTION  IV 

CONCLUDING  REMARKS 


Results  from  a  series  of  ducted  mixing  and  burning  experiments 
have  been  presented.  Twenty-six  rocket  firings  were  made  in  this  test 
series.  The  ducted  mixing  system  was  operated  in  the  downstream 
choking  mode  (independent  of  back  pressure)  for  19  of  these  firings;  the 
mixing  system- was  back  pressure  dependent  for  the  remaining  rocket 
firings.  Data  presented  include  axial  distributions  of  the  wall  static 
pressure  and  radial  distributions  of  gas  composition  and  pitot  pressure 
at  the  mixing  duct  exit. 

The  experimental  results  for  the  mixing  duct  used  in  this  investi¬ 
gation  (operated  in  the  downstream  choking  mode)  have  been  compared 
to  the  results  reported  in  Ref.  3  for  a  shorter  mixing  duct  which  oper¬ 
ated  in  the  upstream  choking  mode.  This  comparison  clearly  indicates 
that,  for  certain  propulsion  applications,  it  is  desirable  to  make  the 
mixing  duct  long  enough  to  operate  in  the  downstream  choking  mode. 

The  experiments  presented  in  this  report  are  part  of  an  extensive 
theoretical  and  experimental  investigation  of  the  ducted  turbulent  mix¬ 
ing  of  coaxial  streams.  These  and  other  experiments  will  be  correlated 
with  theory  in  a  forthcoming  AEDC  report. 
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a.  Upstream  Choking  Mode 
Fig.  2  Operational  Modes  of  a  Ducted  Mixing  System 
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Fig.  7  Mass  Flow  Ratio,  Downstream  Choking  Mode 
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Fig.  10  Continued 
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Fig.  11  Composition  at  Duct  Exit,  Downstream  Choking  Mode 
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b.  Test  Condition  8 
Fig.  12  Continued 
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Fig.  12  Continued 
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a.  Test  Condition  8 

Fig.  13  Pitot  Pressure  at  Duct  Exit,  Back  Pressure  Dependent  Mode 
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a.  Test  Condition  8 

Fig.  14  Composition  at  Duct  Exit,  Downstream  Choking  Mode 
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b.  Test  Condition  9 
Fig.  14  Continued 
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TABLE  I 

EXPERIMENTAL  PARAMETERS 

Nominal  Rocket  Parameters 

Oxidizer 
Fuel 

Chamber  pressure  (p0j) 

Calculated  vacuum  thrust  (Fj) 
Characteristic  velocity  (c*) 

Mixture  ratio,  by  mass  (O/F) 

Total  propellant  mass  flow  (wj) 

Throat  diameter 
Nozzle  exit  radius  (rn) 

Nozzle  configuration 

Mixing  Duct 

Inlet  diameter  (D^) 

Length  of  conical  section  (L^) 

Divergence  half -angle  of  cone 
Length  of  cylindrical  extension  (L2) 


Configuration  B  6  in. 

Configuration  C  9  in. 

Diameter  of  cylindrical  extension  (D2)  7.  6  in. 

Nominal  air  temperature  (Toa)  530°R 


Gaseous  oxygen 
Gaseous  hydrogen 
300  psia 
374  lbf 
7634  ft/sec 

3. 15  .  . 

i  1 

0.  99  lbjn/ sec 
1.  00  in..  1  ; 

1. 143  in. 

15-deg  half-angle. conical 

.  r 

.•  3 

6  in. 

15.  5  in. 

2. 98  deg 
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TABLE  il 

SUMMARY  OF  TEST  CONDITIONS,  DOWNSTREAM  CHOKING  MODE 


Test 

Condition 

Poa^  Poj 

Wa/Wj 

FD/Fj 

p0j,  psia 

wj,  lbm/sec 

O/F 

c*.  ft/sec 

Fd.  % 

Toa.  °R 

L2.  in. 

1 

0.0433 

5.36 

0.  510 

285.3 

0.  962 

3.  16 

7495 

181.  6 

530 

9 

2a 

0.  0354 

5.  32 

0.334 

296.0 

0.978 

3.- 12 

:  7630 

123.  2 

525 

6 

2b 

0.0341 

5.  12 

0.324 

310.  1 

1.008 

3.  32 

7750 

125.  1 

529 

6 

2c 

0.  0356 

5.  26 

0.336 

294.4 

0.981 

3.  19 

7563 

123.  9 

530 

6 

2d 

0.  0355- 

5.  26 

0.332 

295.7 

0.  985 

3.22 

7571 

122.4 

526 

6 

2e 

0.  0348 

5.  19 

0.317 

304.0 

1.003 

3.24 

7639 

120.3 

523 

6 

2f 

0.0347 

5.  25 

0.319 

302.0 

0.994 

3.21 

76  55 

120.  5 

520 

6 

2g 

0.0359 

5.  26 

0.334 

293.  1 

0.984 

3.22 

7511 

122.2 

531 

6 

2h 

0.0362 

5.  35 

0.337 

291.  1 

0.968 

3.  13 

7578 

122.8 

531 

6 

2i 

0.  0360 

5.38 

0.342 

292.4 

0.  965 

3.  10 

7635 

124.  7 

528 

6 

2  (av) 

0.0354 

5.27 

0.331 

297.  6 

0.  985 

3. 19 

7615 

122.8 

527 

6 

3a 

0.0268 

3.  60 

0.285 

295.4 

0.981 

3.  12 

7589 

105.  1 

528 

6 

3b 

0.0268 

3.  57 

0.270 

312.  5 

0.  996 

3.26 

7904 

105.  1 

531 

6 

3c 

0.0270 

3.  62 

0.285 

295.7 

0.986 

3.21 

7562 

105.2 

531 

6 

3d 

0.  0262 

3.  53 

0.271 

303.  3 

1.003 

3.25 

7623 

102.  7 

525 

6 

3e 

0.0271 

3.  63 

0.285 

292.  1 

0.  974 

3.  18 

7559 

103.  6 

533 

6 

3i‘ 

0.0268 

3.  64' 

0.282 

292.4 

0.  969 

3.  13 

7604 

102.  8 

532 

6 

3  (av) 

0.  0268 

3.  60 

0.276 

298.  6 

0.985 

3. 19 

7640 

104.  1 

530 

6 

4 

0.0304 

4.  25 

0.318 

291.8 

0.  964 

3.  13 

7629  ’ 

115.8 

534 

6 

5 

0.0332 

4.  78 

0.336 

291.8 

0.  971 

3.  13 

7570 

122.2' 

532 

6 

6 

0.  0252 

3.29 

0.265 

292.4 

0.  971 

3.  13 

7587 

96.  7 

533 

6 
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TABLE  III 

SUMMARY  OF  TEST  CONDITIONS,  BACK  PRESSURE  DEPENDENT  MODE 


Test 

Condition 

Poa/Poj 

Pt/  Poj 

Pd/  Poj 

wa/wj 

Fd/Fj 

Poj,  psia 

wj,  lbjn/sec 

O/F 

c*}  ft/sec 

FD*  lbf 

Toa.  °R 

L2.  in. 

7 

0.0354 

0.0178 

0.0192 

5.  41 

0.  353 

301.0 

0.  959 

3.  10 

7976 

133.0 

532 

6 

8 

0.0380 

0.0248 

0. 0268 

5.  39 

0.422 

294.0 

0.960 

3.03 

7717 

154.  9 

530 

6 

9 

0.0435 

0.0331 

0.0348 

5.  34 

0.524 

289.8 

0.  967 

3.07 

7554 

189.  0 

531 

6 

10 

0.0456 

0.0423 

0.0432 

3.  77 

0.607 

302.8 

0.  976 

3.03 

7820 

228.8 

531 

6 

11 

0.0264 

0.0161 

0.0167 

3.  63 

0.290 

297.  8 

0.  955 

3.  10 

7923 

1 

108.0 

532 

6 

12 

0.0297 

0.0214 

0.0228 

3.  76 

0.346 

292.  5 

0.  947 

3.00 

7783 

126.  0 

530 

6 

13 

0.0333 

0.0278 

0. 0288 

3.  70 

0.414 

290.6 

0.  969 

3.03 

r 

7563 

149.9 

531 

6 
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